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Introduction
Alzheimer's disease (AD) is the most frequently occurring form of neurodegenerative disease. It is clinically characterized by a progressive memory loss, disorientation, cognitive dysfunction, personality changes and behavioral disturbances and other cognitive impairments [1, 2] . Unfortunately, the etiology of AD is not completely known. Pathogenic mechanisms responsible for cognitive decline in AD include the loss of cholinergic neurotransmission, beta-amyloid cascade, oxidative stress, steroid hormone deficiency and increased level of inflammatory mediators [3] . These facts suggest that AD has different backgrounds against which several research strategies have been developed, including cholinergic and noncholinergic approaches. The current therapeutic options as the first line treatment for AD are acetylcholinesterase (AChE) inhibitors, such as tacrine, galanthamine, huperzine A and donepezil which increase neurotransmission at cholinergic synapses in the brain and reduce the cognitive deficit temporarily [4] [5] [6] .
Lipophilicity is one of the most important physicochemical properties frequently used in QSAR analysis and it is expressed as either a partition coefficient or its decimal logarithm (log P). This parameter can be determinated experimentally by various analytical methods (high performance liquid chromatography -HPLC, spectrophotometric, micellar electrokinetic chromatography MEKC, voltametry, titrimetry), however, in the recent years thin layer chromatography was most frequently used [7] [8] [9] [10] [11] [12] [13] .
In this study we describe the use of thin layer chromatography (TLC) method to determine the lipophilicity
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A TLC Study of the lipophilicity of thirty-two acetylcholinesterase inhibitors -1,2,3,4-tetrahydroacridine and 2,3-dihydro-1H-cyclopenta [b] quinoline derivatives of 32 novel AChE inhibitors -1,2,3,4-tetrahydroacridine (THA) and 2,3-dihydro-1H-cyclopenta[b]quinoline (CPQ) derivatives synthethized according to the procedures previously reported by us [14] [15] [16] [17] [18] . The relationship between the concentration of the organic modifier in the mobile phase and the chromatographic properties of the investigated compounds as well as the influence of the substituents on the lipophilicity of THA and CPQ were studied on various stationary phases (RP-18, RP-8, RP-2, CN and NH 2 ). The lipophilicity values, determinated chromatographically on the tested adsorbents, were compared in a multivariate way with theoretically calculated partition coefficients values obtained by computational methods.
Experimental procedure
The studied compounds were synthethized according to the previously described procedures and were of adequate purity [15] [16] [17] [18] . The chemical structures of these compounds are presented in Table 1 . The reference compounds (literature log P values are given in parentheses): acetaminophen (0.5), doxepin (2.4), piroxicam (3.1), opipramol (3.8), nefazodone (5.0) and thioridazine (5.9) were supplied by Sigma-Aldrich (Munich, Germany). Dioxane, methanol and citric buffer pH 3.0 of analytical grade purity were obtained from E. Merck (Darmstadt, Germany).
TLC was performed on precoated RP-18 F 254 , RP-8 F 254 , RP-2 F 254 , CN F 254 and NH 2 F 254 (10×20 cm) plates (E. Merck) in horizontal DSII Chambers (Chromdes, Lublin, Poland) under unsaturated (sandwich) conditions at room temperature and dioxane -citric buffer pH 3.0 mixtures were used as mobile phases. The studied compounds were individually dissolved in methanol (0.1 mg mL -1 ) and applied to the plates (5 µL) as spots with a Desaga AS-30 applicator. The starting points were 5 mm from the bottom edge of the plates and the development was carried out over 9.0 cm. Five mobile phases were investigated in all the cases and the concentrations of the dioxane in the mobile phases (v/v) were: 50, 60, 65, 50, 60, 65, 40, 50, 65, 35, 40, 50, 60 and 70% (CN) and 60, 65, 70, 75 and 80% (NH 2 ) . After the development the plates were air dried at room temperature (22°C) and examined under a 254 nm UV lamp.
All calculations, data handling, visualization and chemometric analysis were performed using GNU R free open-source software (version 2.15.1).
Results and discussion
The lipophilicity of the investigated AChE inhibitors was determinated using five stationary phases: RP-18, RP-8, RP-2, CN and NH 2 . We have used six reference compounds, of well-known experimental lipophilicity, chosen to fully cover the expected range of log P values of the studied compounds.
Although methanol is one of the most recommended modifiers for lipophilicity estimation it has also been determined that dioxane gives similar results [19] . In preliminary tests we observed that the use of this organic modifier gives significantly better chromatograms and wider linearity range on all tested adsorbents than methanol. We also found that lowering the pH of the mobile phase improves the shape and symmetry of the spots of the analyzed compounds, and for this reason a binary polar mobile phase: dioxane -citric buffer pH 3.0 was selected for all experiments. Stability and reproducibility of the proposed method was sufficient and the variability of the R F values was about 0.01 on all stationary phases.
For all the compounds and all chromatographic systems, R M values were calculated using the BateSmith and Westall [20] formula: 
were C is the concentration, in volume %, of dioxane in the mobile phase and b is the change in R M caused by the unit of dioxane concentration in the mobile phase and is related to the specific hydrophobic surface area of the compounds. In order to achieve high accuracy of the lipophilicity estimation, as well as the standardization of the obtained results enabling the appropriate comparison of the determined log P values on the different adsorbents, a set of reference compounds was used as a calibration dataset. The six reference compounds (with well-known experimental lipophilicity taken from the Clarke's almanac [22] ) were analyzed under the same chromatographic conditions as the investigated AChE inhibitors. The estimated R M0 values (Table 2) were plotted against the literature log P values and the Table 1 . Chemical structures of the investigated compounds.
A TLC Study of the lipophilicity of thirty-two acetylcholinesterase inhibitors -1,2,3,4-tetrahydroacridine and 2,3-dihydro-1H-cyclopenta[b]quinoline derivatives. As shown in Table 3 the relationships between R M values and the concentration of dioxane in the mobile phase produced sufficient linearity for all the chromatographic systems (r > 0.79). The best linearity was observed for the RP-8 and RP-2 stationary phases and the average correlation coefficients were 0.9880 and 0.9676 respectively. It was also observed that the relative lipophilicity (R M0 ) was different ( lower in most cases) than the estimated experimental log P when using the reference compounds as a calibration method. This fact confirmed the legitimacy of the determination of lipophilicity of the investigated compounds by the TLC method using a standardization procedure.
It should be pointed out that the comparison of the obtained experimental log P values with the theoretical values of partition coefficients (AlogPs, AClogP, AlogP, MlogP, KOWWIN, XlogP2, XlogP3) calculated with the use of the Virtual Computational Laboratory website (www.vcclab.org) shows also noticeable differences (Table 4) .
The multivariate comparison of the experimentally obtained values and the coefficients calculated by computational methods (for a correlation matrix see Table 5 ) was done by Principal Component Analysis (PCA, Fig. 1 ). This technique is a very efficient way of multivariate data analysis. It is based on finding the linear combinations of the retention values (called principal components), which represent the main trends in the data analysis in context of overall explained evariance. Since these trends are separated and are also not intercorrelated, this technique is very efficient in visualization of multidimensional data in lowerdimensional space, especially as a 2D plot. Additionally, the analysis of the contributions of the particular retention values (TLC systems) to the principal components (called loadings) allows to interpret the main trends of the retention, also in the context of lipophilicity. The unfamiliar readers are referred to [23] , where they can find full description of the method with typical chemical applications.
In the current study the PC1 explained 78.35% of the total variance and the first two PC explained 95.04% of the variance. The PCA analysis of the obtained results (Fig. 1) confirmed no significant differences especially between the experimental log P values obtained on the RP-8 and RP-2 stationary phases (to a small degree also on the RP-18 and CN stationary phases) and the one calculated coefficient (MlogP). The other algorithms, as well as the chromatographic method using the NH 2 stationary phase, differ appreciably from the above group of methods. Although the low retention of the analyzed compounds on the NH 2 plates makes this method different from the other used adsorbents, these results are more similar to the results obtained by the computational method (high negative impact on PC1) and were considered in all the calculation in this study.
As expected the extension of the aliphatic chain (C 2 -C 9 ) in the studied AChE inhibitors causes the increase of the lipophilicity of these compounds (Table 3) . However, the multivariate comparison of the (only experimental, without computational) lipophilicities of the investigated compounds (PC1 vs. PC2 is shown on Fig. 2) showed that the most important factor influencing this parameter is the presence of either a hydrazino or a fluoro substituent. The results of RP18, A TLC Study of the lipophilicity of thirty-two acetylcholinesterase inhibitors -1,2,3,4-tetrahydroacridine and 2,3-dihydro-1H-cyclopenta[b]quinoline derivatives.
RP8, RP2 and CN are quite intercorrelated and they contribute to PC1, increasing its value with increasing R M values. The retention on NH 2 is not correlated with the rest of the results and it contributes mainly to PC2 -increasing of R M has a negative impact on its value. Hydrazine derivatives are visibly categorized into one group with a negative impact on the PC1 and PC2 components. Fluoro derivatives, which are characterized by higher lipophilicity, are not grouped but scattered all over the rest of the sector of the graph. In this case PC1 explained 90.11% of the total variance and the first two PC explained 93.81% of the variance. On the other hand the Wilcoxon paired test showed no statistical differences between the lipophilicity of THA and CPQ derivatives (V = 1406, p = 0.3058) which may suggest that the biological activity of these compounds is similar to the tacrine AChE inhibitors analogues.
Conclusion
Thin layer chromatography method with the use of various stationary phases allows to estimate the experimental lipophilicity of the studied thirty-two acetylcholinesterase inhibitors derivatives of 1,2,3,4-tetrahydroacridine and 2,3-dihydro-1H-cyclopenta [b] quinoline. The best linear correlation between the volume fraction of dioxane and R M values was obtained on the RP-8 and RP-2 stationary phases. Moreover, the PCA technique shows that the experimental log P values obtained on these adsorbents can be compared with a computationally calculated partition coefficient (MlogP).
The standardization of the developed TLC method with the use of six reference compounds with wellknown experimental lipophilicity significantly improved the estimation of the log P values of the investigated compounds.
The obtained results show that there are no significant differences between the lipophilicity of the tested analogues -1,2,3,4-tetrahydroacridine and 2,3-dihydro-1H-cyclopenta [b] quinoline. The most important factor in this case is the presence of either a hydrazino or a fluoro substituent. 
